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Abstract

‘J’his ~JaImr  pq)oscs two solutions fol  tllc  cmlt ml of
tclembots,  ilt which Itlastjcr  and  slave arc collllwt  (d
t h r o u g h  a  colrllllllllicatic)~l  systmn  tlmt  illt ro(luws  a
varial)lc  de lay .  ‘1’llis  is the tyl)ical  case of ~mCkCt-
swit chd Ilct,wwks (e.g. IIltcmmt),  ill ~vllicll  th(! (lc-
lay vari(!s  in an ulll)rcdicti})lc  way. S0 far, only coll-
stallt,  delay  h a s  been collsidmd  ill tflc  (l(xi~[l  of tllc
controllers for tclcrobots,  alld  tllc  ktlo~v~l  tdllliqu(w
may fail itl case of variabk!  delay. 1$’c  I)ro]msc 11(’rc
two control lers  that,  cnlsure  stal~lc  lwllaviour of tllc
telcml)ot  ill  c a s e  o f  varial]le dc]ay. ‘1’11(’  fit’st  011(’,

b a s a l  on a ~)articulat  IJyaImtlov futlctiollj  is dmigllcd
for posit io~l-m ror-basd  force-fcdl)ack configuration,
~vllilc  the scccnld,  exl)loititlg  l)assivity  all(l  wave dwoltI-
lmsitioll,  is dcsigllc(l for dir(!ct force!-fcc(ll)ack syst,cllls.
k’O1l  OEil p100fS  W(! aCCC)Illl)ailld  l)J’ l)l(!lilllil lal’~ CX1)(T’-

immltal r e s u l t s  ohtaitld  \vitll  all ltltcr 11(’t-collll(,ct(’(1

1 Introc]uction

Itl scwmal  al)plicatimls  of  tdcrobots,  t II(, co~tlt nw
Ilicatioll  systcm  illtjroduccs a  vatiablc  delay.  ‘J’llis i s
tile case of suhnarilm  robots, colltroll(!d fro[tl  tli(!  s(’a
surface level  through a smlar-lilw c(J1tlllllltlic;itiO1l  sys-
telll,  in wllicll  the delay incrcascs  as tll(’  mllot c rolmt
goes dcqmr.  A l s o ,  s~)ac(:  olmrati(nls liavc a c(HmtIw
nicatioll  delay that) varies witfl  tllc  (Iistallcc  Iwtlv(!cll
orbit)illg  dcvim  at 1(1 E;artll. Rc!cclltfy, tflc  uw of 1S1  )NT
alid  ~]a(:k(:t-sliitcllccl collltlllllLicatiO1l  systctns  lias lmcti
l)rol)oscd and demonstrat(!d  to comI(Ict a laastm  sys-
tmt I with a m note slave. Itl l)articular,  I]Lt(rlL(’t-l):ls(’cl
colllltlllllicati(J1l arc now allmvi~lg  lllilliolls o f  US(M to
interact with (iacll  other  by cxcllan~,illg  t cxt ual, audio
and  viclco  inf(mlnation. A lnajor  I)lcaktllrougll  wwuld
lN to ~nakc  use of this ol)iquitous  c(~~lll[llltlic:itio~l  sys-
tem ill tderobotic  applicatimls. As Imlmsc(l  ill  [7],
this would o~mn the way  to mow afl’(n  dal)lc al)l)lica-
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tio[ls of t(’lcolmatd  Systcl[ls  ill  scnwal  fields, such as
llcaltll  caw  [4], t(’lc-ltl(’clicill(’, collaborate ivc dcsigll [3],
(J[ltc’[t(’illl[l(’llt  atld  t(’lecc)llfcrcllciilg.  Several t(!st has
1)[’(’11  coIlductd  011 IIltc:t’llct-l)  as(!cl [12]  al~d lSDN-
lms(d [1()] t cl(wlmat  (m, sllolvitlg  that the collllrlutli-
catio~l d(~lay  call tw (ll~lrti(t(’liz(’cl  I)y a  slmvly  valyitlg
av(jlagc  valu(’  l)llls  a fast-\  ralyill.g,  rat I(loIIl l)alt.

So fal, t 11(I rcscatcll  011 t 11(’  cmlt  rol of tclcolm:at ms
\vitfl (c)lllltlllllicatiO1i  (k!lay  has dealt  OIIIY \vitfl colL-
st,allt  d(’lay  [1, 11, 6]. Sillc(’ it has IWCVL  dclnmlstrat  (d
tflat tllc  lwrial)ility  of tllc May  co~lstitutcs  all a(l(li-
tio~[al  soulcc  of itwtal)ility  [9], tllml  tlw dcsigll of tile
collt roller for a tclcolmai  or ]nmt  take itlt o accoutlt
this cll:ltiict(’[istic.

‘1’lLis I)alm  addrmcs  tllc I)loblcItl  o f  tllc stal)iliza-
ti(nl  of tclcolmators  }vitli  varial)le cc)l[ltllllllicatic)ll  d(’-
lay .  ‘1’11(’  1110(1(’1  of tllc  t(’lcolwrator  Ivitfl  varialdc  colm
Illllllicat ion  delay  is illt  ro(luccd  itl Sect iml  2. F’(M. such a
syst (’1[1, t Jvo tyl)ical  co~lfigurati(nl  arc Collsidcwd  ill  t,llc
follmvitlg.  III lmrt  icular,  Sect ion 3 qmrts  t II( dcsigll
of a (I(wvlt  ralizd  st atc fcdlmck  for a ~msit  ioll-crror-
lMSC(l forc(’-fcdt  ):ick sclic]n(’, Ivllil(’  t 11(’  I )101 )Icl [1 of t Iw
st al]ilizat io~l of a t(’leoIwrat or w’itll  diwct,  i.(’.  WIMO1”
I WC(1,  force f(dback  is ad(lr(wsd  irl %’ctiml  4. Scc-
t ioll 5 l)lcs(vlts  atk (Jxlmit[l(vltal  result obt aillc(l with
011(’ of tfle pmpod  Cmltlol  Scll(!tncs. F’illa]ly  Scctioll  6
sulliltmrinw tllc  l)alm and  ~ms(’llts ml l)lalK f o r  fw
t uw r(warcll ill this area.

2 Tkleoperator  with variable communi-
cation clday

‘1’lIc co1t11)l(4c  IIlo(lel  o f  a  tclcml)ot  Tvitll  variahlr
CollllIlllll  iC21ti[)ll  (l(’lay is slIowII  iti }Jigtlrc  1. Ilcrc,  ?/,,,
all(l  ys aw tllc  varial)l(%  (ixcllatlgcd lwtww’11  lllaster
all(l  Slav(’. It is wwtlltloticillg  that T] (t) is usually
(Iiff’(’r(nlt  fm[ll 7; (t).  If litmritjy  is assutnd,  this  Irlodd
call Iw sitnl)lifi(d  l)y colla~jsing  tlm two delays into a
sitlglc oILc, arl)itrarily  locatd ill  tllc for~var(l  direction.
Allotll(r  sittll)lificatiol  L is t o llav(’  two idmlt  ical delays
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FiF;urc  2: Simplified model of tclmobot  with varial)le
coltlltllltiicatic)ll delay.

itl both  diwctiolls,  cacll of tllc[tl witjll  a  value  /t(t) =
+ (7\ (t)+ Tz (t)), as Sllowll i~l Figutc  2. I’YolI)  tl,c ~,oi[,t
of vimv of tlic stability, in case of lirlearit)y,  all tllc
~tlodds  are cquivalcmt  and  t h e  most,  suital)lc  mkcs  atc
used it) the followitlg scdiolis.

As a further  siltll)lificatio~l  of tllo Iwol)l(Ir~,  a sitlglc
clcgrec-c)f-f[ccdo~tl  (clOf) syshtl  is coltsi(lmwl, sittcc tlic
results can h easily cxtclldc!d to Ioulti dof systcr[ls.

3 Contrcdler for  pos i t ic }n-error-based
force-feedback telerobot

Wc mntsidct the st,atldatxl  l)c)sitic)ll-l):lsc’(1  fotm  fec(l-
bacli schmnc [5] , and  wc l)IOI)OSC  a licw dwctlttalizd
coltttoller  b a s a l  oll state vatiablcs  fwdlmck.  IIt t,}lis
SC1lCIL1(’,  t,h(’ fOI’C(X aCtillg 0 1 1  t,]t(! lllXt (T ;ll’(l ] )lOl)Ot’-

tioIlal to t h e  dif[omtcc  Iwtwmt  tllc lmitioll  o f  tllc
Itlastcr  and  t}lat o f  tltc! slaw!.  For silttr Jlicitjy,  \vc  col I-
sidcr t,llc  sing]c dof syst,mtl  shown  itt I’ig,utc 3 (~vit,ll  t,llc
co~ll[ll~lllicatioll  delay  modcld  as ill IJi~uw 2), lVIIOSC
sl)acc:-state quatio~ls  arc givml  Iy:

Xl : i, = A,o,(t) + II, tt, (f) + A2, T2(t - h(t))  ( ] )

X2 : i2 = A2~2(t)  + 1J21/2(f)  i A12Tl(f  -- h(t))  ( 2 )
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W’11(’l”c  A-J = [Kl (1 ), KI (2)] all(l  1(2 = [1{2 (1 ), K2(2)]
arc tww  gain  vwtols,  as slto~vlt  itt Figuw  4. Since  state
fwdlmck  cttsutm  correct  tl ackillg only lVIICII mfctc[lcc
and fcdlmck  aw lt]ult  il)licd  I)y tllc salnc  gait], it, folio}vs
that A21 aII(l  A12 dqK:IId 011 tlic co~ttto]lcr  ,gairw:

N’otc  that tltis collstraillt  Itmlws  solutio~l  lrlct,llods  SUC1l
as tllc o~lc dcsnild  ill  [14] irlal)l)licalde  to a lmsitioll-
1 mscd  force wflwting  t clcmlmt.

~’llc stat c equations (1) atv rmvrit  te[t ill  cc)~tll)act
f(ml[l  i[lcludillg tltc  co~ltmllc~  cquatio~]s (5) a s :

>:: i(t) = AkT(t) + AdT(t  – h(f)) (7)
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F i g u r e  4 :  Il]ock  diagra~ll  c)f tllc!  stiit~  fdlmck co]l-
tl’oll(v’.

where X ml}mscllts  the overall systcltl,  and  tllc  ~natrix
codficicnts arc :

‘d= [1 ‘~’1; ‘(’)’- [211 ‘s )

1’lIc dcsig[l criteria fol  tllc dcce~lt  raliml  fdl)ack  aw
fcmlld  using tlw followitlg,  IJyaImtlov fullctiolml:

v(x,t) = x(t)~’2”(f)+

($))

}L(t)s Fs  I  vt (lo)

~’llc differentiation of equation  (9) alo~l~  t Ilc s(Jutioll
of (7) yields:

(11)

cquatioll (1 1 ) l) CCOIIICS

‘1’11(’  asylIll)totic  stal)ility  o f  ( 7 )  i s  guaralltwd  i f
l’~(:v, t) < (). ‘J’llis inequality IIo]ds if t ltc Inat  rims ill
tllc two quadratic fmlns  of tllc  light side of (13) arc
I)ot]l llf’g:~t i~rc’-(l[’firlit[’. Givcvl  cquat  iml (1 ()), t llc colh
trollm  Ir)llst satisfy:

,$’ = 2A~ -t A,/A;’  -1

Colldit iml (14) liolds if all
~[mt  tix ,5’ atw  irl I/c[s] <0,  i .e .

I/f’Ai(S)  < 0  V i

hlatlix  S call lw m~vrittml  i]) l)lock

W’llm’:

(15)

follll  as:

(16)

( 1 7 )

and o =. 1:’–7 .
FhHIl  quat  io~l (16) it follmvs  t list Inat rix ,9 lw a

I)lock (Iiagolml  stlucturc  and, tllctefom,  tllc cigcllval-
ucs of S atc tllc cigmlvalues of cacl] I)lock. Since  Iwtil
l)locks llaw  tflc same sttudutc  a~id  each gain only al)-
lKWIS  itl tlic l)lock mlatiw  to  i ts  Colltwllm,  tllc solu-
t ion of cquat ion (15) is sig[lificalltly  sil[ll)lifid,  atld  it
is Imsi})lc  t o dcsig[l  itlclc’~)c’llcl(~llt  cmlt  rollms for mast et
all(l  slav(’.

lJct’s  ]Io\v  collsidcr  tllc ul]~]c-left })lock of (16). It
call lx’ w~vrit t CI) as follows:

‘J’llc cigmiwlucw  of S] I arc colnl)utd  usi[lg its cllarac-
tt,ristic  l]olyllottlial:

dcf(slz- S]l) = s - t  S((2I - 2(t)-1  2<11+  n2- <Zlft ( 1 9 )



‘1’hc following stability Co]lditimls  arc tllcll  dmivd:

wllcre ~ is a free design  ~malllct[!r  t)llat,  i[lflllcllccs  tllc
lmrfcmnancc  of the teleolmator.

F;ventually, frcm  (21) wc ol)tai[l tllc values for tllc
fdljack  gains to h used ill  tlm Controller (5).

(22)

I’l]c quat  ion (22) at id (23) llavc always  a so]ut iml.
The  satnc dcsi~ll  I)roccdulc  cml lw al)l)li(’(1  to tflc slave
cmltrollm,  tllcn,  givcm a tclcqmator  with lmsitioll  m-
ror hascd form  fcmlback  alld  varial)lc  cc)l[lttlllllic:itic)ll
delay, it is always possible to find a cl[:c(’lltrtlli~ecl  cOll-
trollcr  (5) tlllat  stabilizes tllc systctI1.

A first rmnark o~L the result obtaitd is tlmt  it guar-
antcws  the st al)ility  of the two subsystmtm  (Inast m a~ld
slal’c!)  even irl  cas(!  of illtf!rlLll)tic)ll  oll t,f)c colllrJ)u)licti-
tioll link. 111  this case ,  wc h a v e  A(l =. O ill (7). ‘1’lle
stal)ility  of such a systcltl  is gllar:irit,m,(l  iti Ak < 0,
which  is guaratltcd  by (13). Allotllm.  ICIIMirk  is tlmt,
CVCII  if tllc prolmsd  solutiml ILas Imrl dcvcloId fcm a
tchotmt  with a position  scale facto] equal to 1, it is
still valid  with cliffcmrlt  scale factors.  Ill fact, if KS is
tllc sc.alc factcm f[oln  tlm ~nastcr  to tile slave, a I )lock
w i t h  gait]  ~ must bc ~)lacd  oll tllc  return  ])atll fmtl
tllc slaw  t o ”  tllc ~nastcr,  in odw  to l)wscrvc  cormis-
t(vlcy atld cftcctivmlcss  of tllc  fore’ fudlmck.  ‘1’ILCII i t
is easy to prove that stal)ility  is I lot affcctd  if K. # 1.
Fillally,  it is wortlltloticillg  that tllc  st,al)ility  (klmLds
011 the value of the time d(!rivative of tllc delay, I)ut
~lot c)ll tllc value  of tllc dday  i tse l f .  ‘1’liis  ]IIwilLs tll:it
Me ltave  Iwovidd  a  stal)ilit,y tll:it  i s  irld(’~mldrllt  o f
delay (1 OI)).  ‘1’his  itn~)mvcs  lmcvious  rcsull)s  ([6]), OIL
the cent rol of t[’lcolmato~s  with I)osit,ic)ll-(’rrc)  l-l): isccl
folcc-fwdl)ack,  w h i c h  dealt ~vitll cmwt  atlt  delays atld
lwovidcd  a nml-atlalytical  tool for tlw dcsi~[i  of a st:t-
bilyzillg colnlwnsatol.

4  Stabi l izat ion  of  force-feeclback  teler-
Obots

lrl tjf)is  smtioll  wc will illtmducc  a l]lct llml t IIilt  gllal-
ant cm t llc stability of direct fc)rcc!-fcc’cll):i(.k  wit Ii a vari-
:II)Ic cc)l[ll[l~ltlicatic)ll  dday. T’llis  is atL  cxtctwiml of tllc
Illctflod  usitlg passivity and  wave scattwi]lg  collcq)ts
IIwscvltd  in [1 1]. It] that, I)almr, it is sllotvll  t ILat tllc

ill case of varial)lc  colrl~[lullicat  ioll delay, lIOJVCVN  tlm
colicq)t  of wivc  scattclillg  catl still }N ml)loitd  irl ol-
d(,t to get tllc  mwall  l)assivity  of t}lc  telqmator.

],ct u s  ILOW’  mall  soIIle dcfillitio~ls.  A  Systmn  w’it~l
itll)ut vcctm x slid outl]ut  vcctm y, it  is said to lw
Imssiw’ if its lmuw  flotv sat isfics t llc follo\vily,  Cquatio]l:

(24)

{

71,,L  ~
_ 21/, (bit), i 1’;,,)

71,,, – &i (J;,, - b.i,,{ ) (27)



Figure  6: \lrave  tratlsforl[latiolls  usilig Itiastcr  velocity
atld  slave form

{

71 8 = *i  (1: -- l)i.)
+i;(I’; + ki’.)

(28)
‘us =

wlkmc  fI > 0 is a free dcsigtl  ~Jatalnctcr.
W’c illtmducc  now a  ~nodificatiml  t o  tile otigitlal

schcvne  prq)osed  ill  [11]  I)y stati[ig  tllc follmvitig  ddi-
nit,ioll:

\vIIcrc TIL1  all(l  TrLZ  ate!  tllc ul)lwl v a l u e s  o f  tllc tilllc
dcrivatiw  o f  tllc d e l a y s ,  i.e.  ?m > ?’I all(l 7JI~ > Y“;,

rcwlmctivcl-y.  Col[l])arcxl  to tlic  wsult it 1 [ 1  1 ], Iv(, ilL-
t,mlucd  an attcnuatioI[  of t}kc traIls[nil  led wave vari-
aldcs. ‘1’llis  attenuation ~)r[!servcs  t}lc lmsivity  of tllc
systcnu dditlcd  in tllc www vatiablcs  fcaltlmwk,  that
is guaratltd  if

/

‘1
J

‘1
–Vq’vdt  <

~2
– 11’’’lldf

“ 2
(30)

wrlicrc  u and  v  ale tllc vcctom  o f  itll)llt  and outl)ut
wave variablm,  msImctivcly.

If wc send the attmuatwl  ~vavc  \’iiI’iill)lCS,  as sll(mrll
ir[ Figure 6, the lmwwr  flow I> results:

1’ =- ;1/:,, - (1 - 7n2);7/:(f  – l>(f))+

If \vc  colnlmtc  its tittle dmivativc,  WK’  ol)taitl:

[11<
— = ~’ll~,,(f) – [j’tl~,, (t - 7\(t))](l - l’I (f))+
dt

(34)

~vllicll  is t lL[’ co~idit  ion  fcn t 11(’  mwall  l]assivity,  sitm
it is cquivalmlt  to cotlditio~l  (24). IIy ktlmvitlg  t,llc!  ul)-
lwI value of tllc  titllc  delivativc  of tllc delay,  it is tllell
lmsil)lc  to fitld  a (Iccc)llll)c)sitjioll  of tll[!  ~)oww valialdcs
t,llat CIMUNS  tllc  ovmall st al)ility of tflc t dcmlmt  ic sys-
telll.  Fkolli  tllc  I)lock diagtalll  of I~igutc  G it is easy to
sw that  tllcw  has lHVI  a  tlad(’-off  I)ctww[l  stal)ility
al]d sca]itlg itl lmtli vdocity atld  folcc valial)les.  An-
ot~l~’1  l“Clllal”k  is t h a t ,  M ~ (’OIIS(’C]ll(!llCC C)f t]l(! I’MU\tS

ill (34) ,  tflc  co~[lt[lllllicatic)~l  cllatltlel is Iio 101IKC1  loss-
less as ill [1 1], I)ut dissil)ative ,  si[icc  t,flc istatltan[!om
valllcs o f  7\ and  7> callllot I)(’ ktlolrll.

5 Experimental results

‘1 ’0  ~)to~( tllc Iwlidity  of tllc ~)ml)osd  sollltio~w,  all
cxl]c)itlletltal  scttll)  MWS  illll)lc’t[lc’llt(,(l.  I t  co]wists o f
a folcc Idlc!ct itlg  ll~astcr  atl(l  of a vittual  slave, silll-
ulatd  ill  softwmtc,  folttlill~  a virtual  tc’1{’ltlallil)lllatc)l.
‘1’l~c lLlastm  is t}lc 2-dof l)latiat  lIlatliIjulator  slmv~l  ill
}~i~tlrc  7, ~vit}l  a 4 cln2 working atea,  cmlt  rolld I)y a
lal)tol) l)clsolml  col[ll)utcr  (l’C) [2]. ‘1’llc  slaw is a vit-
t  lull  ol]jcct  Itlodeld  ill  tllc I’C, colit rolld itl lmsitioll
I)y tlic  lnastm.  I’llc I[lastel  is collllcctd to tllc l’C v i a
a I’(;hf CIA 1/()  lmad  and  it cc)ltlttl~lllic:ttc’s  to tile III-
tmllct  usitl~  a lJI)I’-IHsNI  lil)raty  [2] tflat  satisfies tile
1(’quit  Cltlcllts  fol  wal-t  itllc IIltcrllet  cO1lltIllltlicatic)ll  [8].
Itr(s sllo\ir  ill }’igtll(,  8 t,ll(!  l’CSUltS  of atl (,XI)~l’illl~,llt,  ill

wllicll  t lLc mld cflkct 01 of tile  Jrirtual slave is l)uslld
a~ai[lst  a  sof t  \vall.  Tllc coxlt  101 scllmtlc used lLCN’  i s
t llc stat c fmdlmck l)tnlmscd ill  S e c t  iotl 3. hfom de-
tailed dwclil)t  ion  of tllc  cxl]mirncllt  al systmn atld  K!-
slllts cat)  I)c found i[l [13].
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6 Conclusions

W’c haw I)mcnted  i n  this lJalwl  t~vo ]lmv ~Ilctll-
0(1s  fol tjhc stabilizatioli  of  telmolmts  ill  tww  cf)lutuo~l
collfiguratiom. ‘1’his  result has lxml  ol)tjailld  Ivitjll
the cxIdicit  inclusion of tll[’  vatial)lc  dday  cllaractcr-
istics.  l)mlinlinaly  (!xlmituclltjal  miults  (Iqmtcd ill
[13]) l,aw cm, finud  tl,c validity of the ~,,t,~,osc{l  sol,,-
t ion. Fcm tllc further  dcw!kq)~ucllt  of tllc  wscawli  llcvc
sulumarizd, it is wortlllmticitig t,llat, wc  llavc  uulsicl-
em] hue oIIly coIltitlllolls-tittlc: syst(IIIw. ilfast(!bslaIw

coItltll(ltlicatic)Ils, iIlstcad,  arc u s u a l l y  malizd  with a
digital systcrrls for wllicll  it is ~lcccssary  to find a tit[le
continuous cquivalmltj. It ]laS  ~J(!CVl  all  (’ads  S] IOW’11  ill

[13] that the digital cc,,lll,illl,icatic,,]  systtv], (e.g. 11,-
terllet)  has a tilllc-colltirlllc)tls  cquivalmlt,  lmt a I[low
realistic apI)maclI  mquitcs  tllc a~lalysis  of tfic ~mol)l[vtl
i~l a discmtc-tjiluc  framc!wwk. ‘llllis \vill  I)c tllc  sul)jcct,
of out  futllm  mcaccll.
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